3D printing of materials with active functional groups can provide customdesigned structures that promote chemical conversions. Herein, catalytically active architectures were produced by photopolymerizing bifunctional molecules using a commercial stereolithographic 3D printer. Functionalities in the monomers included a polymerizable vinyl group to assemble the 3D structures and a secondary group to provide them with active sites. The 3D-printed architectures containing accessible carboxylic acid, amine, and copper carboxylate functionalities were catalytically active for the Mannich, aldol, and Huisgen cycloaddition reactions, respectively. The functional groups in the 3D-printed structures were also amenable to post-printing chemical modification. As proof of principle, chemically active cuvette adaptors were 3D printed and used to measure in situ the kinetics of a heterogeneously catalyzed Mannich reaction in a conventional solution spectrophotometer. In addition, 3D-printed millifluidic devices with catalytically active copper carboxylate complexes were used to promote azidealkyne cycloaddition under flow conditions. The importance of controlling the 3D architecture of the millifluidic devices was evidenced by enhancing reaction conversion upon increasing the complexity of the 3D prints. Just Accepted "Just Accepted" manuscripts have been peer-reviewed and accepted for publication. They are posted online prior to technical editing, formatting for publication and author proofing. The American Chemical Society provides "Just Accepted" as a free service to the research community to expedite the dissemination of scientific material as soon as possible after acceptance. "Just Accepted" manuscripts appear in full in PDF format accompanied by an HTML abstract. "Just Accepted" manuscripts have been fully peer reviewed, but should not be considered the official version of record. They are accessible to all readers and citable by the Digital Object Identifier (DOI®). "Just Accepted" is an optional service offered to authors. Therefore, the "Just Accepted" Web site may not include all articles that will be published in the journal. After a manuscript is technically edited and formatted, it will be removed from the "Just Accepted" Web site and published as an ASAP article. Note that technical editing may introduce minor changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or consequences arising from the use of information contained in these "Just Accepted" manuscripts. were produced by photopolymerizing bifunctional molecules using a commercial stereolithographic 3D printer. Functionalities in the monomers included a polymerizable vinyl group to assemble the 3D structures and a secondary group to provide them with active sites. The 3D-printed architectures containing accessible carboxylic acid, amine, and copper carboxylate functionalities were catalytically active for the Mannich, aldol, and Huisgen cycloaddition reactions, respectively. The functional groups in the 3D-printed structures were also amenable to post-printing chemical modification. As proof of principle, chemically active cuvette adaptors were 3D printed and used to measure in situ the kinetics of a heterogeneously catalyzed Mannich reaction in a conventional solution spectrophotometer. In addition, 3D-printed millifluidic devices with catalytically active copper carboxylate complexes were used to promote azidealkyne cycloaddition under flow conditions. The importance of controlling the 3D architecture of the millifluidic devices was evidenced by enhancing reaction conversion upon increasing the complexity of the 3D prints.
INTRODUCTION
3D printing, also known as additive manufacturing, is a "bottom-up" technique for assembling materials layer-by-layer to produce three-dimensional objects. 1 The process is typically guided by a model created through computer-aided design. Although this technology was developed in the 1980s, its applications have only started to grow significantly in the past decade. 2 3D printing has been used to produce functional architectures in the biomedical field, [3] [4] [5] [6] as well as electronics, 7 mechanical devices, [8] [9] [10] [11] [12] [13] [14] [15] [16] periodic microstructures, 17, 18 and ceramics. 17, [19] [20] [21] [22] In contrast to the above applications, the use of additive manufacturing to control chemical processes is fairly recent, the first example being Cronin group's 3D printing of inert reactors with controlled architectures. 23, 24 Incorporation of chemical activity to 3D-printed objects has been achieved by post-printing deposition of catalysts, 25, 26 or by adding atom-transfer radical polymerization initiators to commercial resins, which then act as covalent binding sites on the printed solids. 27 Chemically active 3D-printed structures have also been produced by dispersion of reactive nanoparticles into printable matrices, 28, 29 or by extruding alumina inks followed by high temperature sintering. 30, 31 To further expand the possibilities of using additive manufacturing for controlling chemical reactions, this work introduces a general concept that involves direct 3D printing of molecules with catalytically active functional groups. This strategy provides additional control to existing approaches as it allows directly positioning chemically active sites in intricate geometries (e.g. Continuous Liquid Interface Production (CLIP) 1, 32 are well suited to this approach because they typically use reactive acrylate and bis(acrylate) esters as monomers and crosslinkers respectively.
These reactive monomers fit the proposed design as they are functionalized alkenes in which the double bond yields the 3D objects upon polymerization and possess an additional functional group that can deliver the target chemical activity. In this work, replacement of the ester moiety with other functional groups was explored as a means to produce catalytically active architectures ( Figure 1 ). Importantly, this approach involves covalent immobilization of active sites on the prints which prevents catalyst leaching and consequent loss of activity. A second functional alkene monomer can also be added to the resin formulation to 3D print co-polymers and produce bifunctional architectures. Therefore, this approach can directly produce multifunctional objects with simultaneous control of structure and chemical activity. specific photopolymerization of the monomer inside a tank, the reaction is restricted to the irradiated area due to radical quenching by dissolved oxygen, 33 polymerization takes place on a z-stage that is elevated following completion of each layer. appendages to evaluate fine detail printing. After printing, the unreacted monomer was removed from the printed objects by immersion in toluene bath for 2 h. Final curing was performed by exposing the 3D object to UV irradiation (λ = 320 nm) in a rayonet photoreactor for 10 min.
Solvent compatibility assays. 3D printed AL-COOH (0.140 g) was immersed in 10 mL of testing solvent (dichloromethane, toluene, acetone, water) inside a closed 20 mL vial. The vial was set in a heated aluminum block on top of an orbital shaker, and was shaken at 200 rpm for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Kaiser test. Ninhydrin (20 mg, 0.097) was dissolved in ethanol (15 mL). A printed AL-COOH-co-NH 2 or AL-COOH-co-NH (0.170 g) was added to the vial along with 3 mL of pure ethanol. The mixture was heated for 10 min at 100 ºC to obtain the Ruheman's purple complex.
The AL-COOH-co-NH 2 was removed and washed with ethanol (5 mL) to remove physically adsorbed species. Finally, this solution was quantified by UV-Visible spectroscopy.
Hexadecylamine was used as standard to prepare a calibration curve. Electron microscopy. Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS) were conducted using a FEI Teneo LoVac microscope operating at 10 kV.
The 3D-printed objects were directly glued to the sample holder for analysis.
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy.
Measurements were made on a Bruker Vertex 80 FT-IR spectrometer with OPUS software. The spectrometer was equipped with a diamond sealed high pressure clamp ATR MIRacle PIKE accessory where the 3D-printed samples were pressed against the crystal to collect the respective spectrum. 32 scans were collected for each measurement in absorbance mode with 4 cm -1 resolution.
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES).
After performing the click reaction catalyzed by AL-(COOH) 2 -Cu, the 3D object was removed and the samples were concentrated under reduced pressure. Samples were calcined at 550 ºC for 6 h to remove the remaining organic material and aqua-regia was added to dissolve the metal particles. The solution was analyzed in a Perkin Elmer Optima 2100 DV Inductively Coupled Plasma-Optical Emission Spectroscope and concentration was obtained by interpolation into a freshly prepared calibration curve.
FITC labeling. AL-COOH-co-NH 2 and AL-COOH-co-NH were immersed in a FITC solution in acetone (0.8 mg mL -1 and 1.6 mg mL -1 respectively). After shaking overnight, the samples were washed thoroughly with acetone to remove physically adsorbed species and dried under air. Temperature was controlled using a thermostated circulator bath. Formation of Nbenzylideneaniline was tracked at 264 nm. Temperature was controlled using a thermostated circulator bath. Formation of the Mannich product was monitored at 250 nm.
3D printing millifluidic devices (MF-devices).
To 3D print the MF-devices the following parameters were changed using the OpenFL Preform software. The only parameters changed were: "otherlayerpasses" = 3, "earlylayerpasses" = 3 and "SliceHeight" = 0.2. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The properties and accessibility of carboxylic acid functional groups in AL-COOH were characterized by a combination of infrared spectroscopy, pH measurements, and surface reactivity. ATR-FTIR spectra were collected directly by pressing the AL-COOH print against the ATR crystal and showed an asymmetric band in the carbonyl region ( Figure 3 , black spectrum) that was deconvoluted into three peaks centered at 1672, 1708, and 1735 cm -1 ( Figure S2 ). These peaks were assigned to the C=O stretches of hydrogen-bonded and non-hydrogen bonded carboxylic acids of polyacrylic acid (PAA) and the ester groups of PEGDA, respectively. 39, 40 Immersion of the printed AL-COOH (0.140 g) in water (10 mL) gave an acidic solution (pH 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 3, red spectrum). C=C stretching modes (1600 and 1493 cm -1 ) characteristic of the aromatic groups were also visible in the spectrum. Deconvolution of the overlapping bands in the carbonyl region indicated a decrease in the intensity ratio between the polyacrylic acid and PEGDA bands compared to the original AL-COOH. This change in ratio further suggested that only a fraction of the carboxylates reacted with aniline, likely corresponding to surface groups while the bulk groups remained unchanged ( Figure S3 ). It must be noted that because ATR is a surface technique and the analysis was done by directly pressing the printed AL-COOH against the crystal, signals from the surface are enhanced relative to the bulk. Further evidence of the limited accessibility to the bulk was obtained by treating the 3D-printed architecture with a copper nitrate solution. Examination of a cross-section of the treated material by light microscopy revealed a penetration depth of ca. 70 µm ( Figure S4 ). The volume fraction of this layer with respect to the total volume of the AL-COOH print was estimated using Autodesk Netfabb software. The estimate (2.9 %, Figure S5 ) was comparable to the fraction of accessible carboxylic groups determined by titration with DCC/aniline (4.3 %). 
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To highlight the custom manufacturing capabilities of 3D printing, the catalytic poly(acrylic acid) polymer was printed into a shape (UV-COOH) that enabled in situ monitoring the kinetics of the Mannich reaction via solution UV-Visible spectroscopy. The UV-COOH print was designed so that it could be inserted into a standard cuvette without interfering with the beam path (Figure 4a ), allowing the collection of reaction spectra in real time to provide insight into the heterogeneous catalytic process. To monitor the reaction in the linear region of chromophore absorbances, the conditions were adjusted to lower reactant concentrations (17 µM aniline and benzaldehyde, 8.3 mM cyclohexanone) and higher temperature (40 °C, continuous stirring in DCM) than those using AL-COOH. These conditions along with the use of the 3D-printed PAA allowed continuous collection of spectra as the reaction progressed. In contrast, the use of suspended polymer particles of PAA gave no distinct signals due to intense scattering ( Figure   S8 ). Under these conditions, the initial rate of the reaction catalyzed by the 3D-printed PAA was over 25 times higher than the uncatalyzed reaction ( Figure 4b , Table 1 ). Because PAA is expected to be catalytically active for each of the two main reaction steps, the effect of the 3D-printed material was investigated separately for each of them. The kinetics of the first step (Equation 2) were investigated by reacting benzaldehyde and aniline (17 µM each, in DCM, 40 °C, constant stirring, no cyclohexanone) in presence and absence of the 3D-printed PAA. Formation of the N-benzylideneaniline product was monitored at 264 nm (Figure 4c) .
Comparison of the initial rates indicated a large catalytic effect of the material on the reaction (over 50 times, Table 1 ). The Brønsted acid has two competing effects on imine formation: on one hand it limits the equilibrium concentration of the free amine required for forming a carbinolamine intermediate, on the other it activates the aldehyde for nucleophilic attack and promotes dehydration of the carbinolamine to give the imine product. 43 The large rate enhancement observed with the 3D-printed PAA suggests that its role in aldehyde activation and carbinolamine dehydration outweighs the low equilibrium concentration of the free amine, which seems to be quickly replenished as it is consumed in the reaction. A somewhat smaller, yet fairly significant, catalytic effect of the 3D-printed PAA was also observed in the second major step of the Mannich reaction, i.e. the reaction between the isolated N-benzylideneaniline (17 µM) and excess cyclohexanone (8.3 mM) (Equation 3, ca. 10-fold initial rate increase, Table 1 ). This step was performed under the same conditions as the first step (DCM, 40 °C, continuous stirring) and monitored at 250 nm. The Brønsted acid is proposed to participate in this step by activating the α-carbon of cyclohexanone via enolization and protonating the imine to facilitate nucleophilic attack. In the PAA-catalyzed conversion, this step was slower than the first step of the reaction and rate limiting. While the differences in apparent catalytic effect between the two steps could be rationalized in terms of a larger steric hindrance for the protonated N-benzylideneaniline as opposed to the protonated benzaldehyde, it is interesting to note that for the non-catalyzed 19 process the second step is faster than the first one. This suggests that steric hindrance may not be the only or most relevant difference determining the relative rates of the two main steps of the reaction. Thus, for the non-catalyzed reaction the higher rate of the second step may be due to the reaction proceeding mainly via direct substitution of the carbinolamine intermediate by the large excess of cyclohexanone with little formation of imine. 44 In contrast, for the PAAcatalyzed reaction, the capacity of the protonated imine to accommodate the positive charge (
Step 2) makes it less reactive than the protonated aldehyde (Step 1). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Comparison with the initial amine surface loading indicated that three quarters (about 65 µmol g 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21 followed by reaction with excess aniline giving 145 ± 7 µmol g -1 . Thus, the total accessible carboxylates in the AL-COOH-co-NH 2 prints was estimated as 210 µmol g -1 , and ca. 30% of surface carboxylic acids were closely associated to surface amines.
45, 46
The AL-COOH-co-NH 2 prints were then tested as catalysts for the cross-aldol condensation between 4-nitrobenzaldehyde and acetone (Equation 4). It has been reported that this reaction benefits from cooperative interactions between the catalytic amine groups and neighboring weakly acidic groups. [49] [50] [51] [52] [53] [54] Indeed, bifunctional AL-COOH-co-NH 2 displayed a three-fold higher turnover frequency (TOF, based on the number of accessible amine groups) than monofunctional poly(allylamine) (7.04 ± 0.35 and 2.28 ± 0.46 × 10-3 h -1 respectively, Figure 5 ), suggesting cooperativity between carboxylate and amine groups in the prints. The catalytic AL-COOH-co-
NH 2 was easily recycled without any indications of polymer degradation (evaluated by ESI-MS)
( Figure S12 ). Previous reports have indicated that the activity of primary alkylamines for this reaction may be limited by the competitive interaction of the catalyst and the non-enolizable aldehyde substrate to reversibly form an inactive imine surface species. 50 This catalyst deactivation has been solved by replacing the primary amine with a secondary amine, which cannot form imines in low polarity media. 50, 54 Based on this information, a new bifunctional material was 3D printed using diallyl amine (secondary amine) and acrylic acid as co-monomers, and was designated as AL-COOH-co-NH (diallyl amine/acrylic acid/PEGDA/BAPO 0.84/17.6/1/0.01). Treatment of the print with ninhydrin changed its color to a slight orange ( Figure S13a ), confirming presence of secondary amines. 55 Reaction of the print with FITC ( Figure S13b 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 23 the primary amine print (AL-COOH-NH 2 ) ( Figure 5 ), this catalyst also retained its activity upon recycling ( Figure S14 ). The dramatic enhancement of catalytic activity of the new print illustrates the advantage of being able to select functional monomers for 3D printing of chemically active materials. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 25
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3D Printing of Catalytic
The AL-(COO) 2 is comparable to previous reports. 37 The catalytic AL-(COO) 2 Cu prints were recyclable ( Figure   S16 ) without any indications of polymer degradation (evaluated by ESI-MS). In addition, ICP-OES analysis of the solvent after reaction revealed that Cu was not leached from the material.
Only starting materials were observed under the same reaction conditions in absence of the print or using the original Cu-free AL-COOH 3D prints, indicating that the copper sites in the material are key to catalytic activity.
To illustrate the benefits of using computer aided design to produce custom tools for synthetic chemistry, a millifluidic catalytically active device was 3D printed using the copper acrylate
resin. To further demonstrate the convenience of this approach, the design of the millifluidic device was later modified to improve its performance and footprint. Milli-and micro-fluidic continuous flow reactors are typically designed with intricate flow paths to control turbulence, maximize contact with the surface and thereby affect the performance of chemical conversions. 12, 14, 59 An important challenge in the design of fluidic devices involves controlling 26 the integration of active species (e.g. catalysts) so that they are homogeneously dispersed along the channel walls, maximize their contact with the flowing chemicals, and prevent clog formation that can happen if sites are deposited by precipitation. [60] [61] [62] Furthermore, recent works have demonstrated the use of the Huisgen cycloaddition in microfluidic devices, however, the catalytic Cu species was not immobilized in the reactor walls but added to the flowing reaction mixture. 63, 64 Such an approach limits catalyst recyclability and complicates the entire process because Cu needs to be separated from the products after the reaction. Here, incorporation of the active sites directly during 3D printing proved a facile way to overcome all of these challenges. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 33
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